Probiotic bacteria encounter various stresses after ingestion by the host, including exposure to the low pH in the stomach and bile in the small intestine. The probiotic microorganism Lactobacillus reuteri ATCC 55730 has previously been shown to survive in the human small intestine. To address how L. reuteri can resist bile stress, we performed microarray experiments to determine gene expression changes that occur when the organism is exposed to physiological concentrations of bile. A wide variety of genes that displayed differential expression in the presence of bile indicated that the cells were dealing with several types of stress, including cell envelope stress, protein denaturation, and DNA damage. Mutations in three genes were found to decrease the strain's ability to survive bile exposure: lr1864, a Clp chaperone; lr0085, a gene of unknown function; and lr1516, a putative esterase. Mutations in two genes that form an operon, lr1584 (a multidrug resistance transporter in the major facilitator superfamily) and lr1582 (unknown function), were found to impair the strain's ability to restart growth in the presence of bile. This study provides insight into the possible mechanisms that L. reuteri ATCC 55730 may use to survive and grow in the presence of bile in the small intestine.
The idea that bacteria could benefit human health was postulated almost 100 years ago by Elie Metchnikoff (23) . Recently the use of probiotics, which are defined as "live microorganisms which when administered in adequate amounts confer a health benefit on the host" (10) , has become increasingly popular. Probiotic microorganisms are currently being investigated for many possible health benefits in many different ailments, including inflammatory bowel disease, diarrhea, and hypercholesterolemia (9, 33, 40, 46) . The mechanisms through which probiotics confer their beneficial effects are mostly unknown; examples of current theories include immunomodulation of the host by the synthesis of immunomodulatory compounds, the production of antimicrobial compounds that inhibit pathogen growth, and large-scale alterations of the microbiota (28, 31) .
Probiotic bacteria encounter a variety of stresses that need to be overcome to remain viable. For example, many bacteria are packaged into food products such as yogurt and fermented milk, which exposes them to temperature and osmotic stress. After ingestion, probiotics must be able to survive the extreme acidic conditions in the stomach and the detergent properties of bile acids in the small intestine. Bile acids are amphipathic molecules that are synthesized from cholesterol and play an important role in the digestion of fats and absorption of fatsoluble vitamins. The concentration of bile acids ranges from 0.2 to 2% in the human small intestine and fluctuates based on the amount of fat intake in the diet (14) . Bile acids have potent antimicrobial activity against many microbes and are known to cause damage to cells that are considered to be bile resistant, most likely via disruption of the membrane and cell wall. The resistance mechanisms of gram-negative bacteria are fairly well characterized; these mechanisms include protection from the hydrophobic outer membrane and utilization of efflux pumps to expel bile salts that do enter the cell (13) . The resistance mechanisms of gram-positive organisms, which in general are less bile resistant than gram-negative bacteria, are less well understood.
Lactic acid bacteria, particularly lactobacilli, are the genus most commonly used as probiotics, in part because of their safe usage in food production. Potential new probiotic strains should include several important characteristics; they should be of human origin, nonpathogenic, able to remain viable in the gastrointestinal (GI) tract for at least short periods of time, and be resistant to various stresses (9) . In the GI tract, the main sources of antimicrobial stress are the low pH encountered in the stomach and the detergent-like properties of bile acids found in the small intestine. Although the precise mechanisms by which bile acids cause cell death are not understood, their chemical nature indicates they will be able to solubilize membranes and cause significant membrane damage. This is supported by genetic and genomic studies in a variety of different species that show that the main response of gram-positive organisms to bile exposure appears to be alteration of the cellular envelope. Isolation of bile-sensitive mutants of Enterococcus faecalis and Listeria monocytogenes identified genes mainly involved in maintenance and synthesis of the cell membrane and wall, as well as genes involved in general stress responses (2, 16) . Microarray analysis of Lactobacillus plantarum and Lactobacillus acidophilus identified expression changes in genes whose product is found in the cell envelope (6, 25) . In addition, there is also microscopic evidence supporting the role of bile in alteration of the cellular envelope. Bron et al. demonstrated that cultures of L. plantarum cells exposed to bile contained some shrunken cells and cells that tended to clump together and had rough surfaces (5), while bile exposure also caused the appearance of shrunken and empty cells in cultures of Propionibacterium freudenreichii (17) .
Lactobacillus reuteri is a species with a broad host range, with isolates originating from many different species, including humans, pigs, chickens, dogs, mice, and hamsters (7) . L. reuteri is also considered to be indigenous to the human GI tract (27) . L. reuteri ATCC 55730, a strain currently marketed for probiotic usage, has been demonstrated in clinical trials to be effective against diarrhea in children, as well as to alleviate colic in infants (26, 30, 45) . In addition, consumption of L. reuteri ATCC 55730 reduced the number of sick days taken by workers in a large trial in Sweden (38) . How these benefits are achieved at the molecular level is still unknown. L. reuteri ATCC 55730 is known to produce a broad-spectrum antimicrobial compound, reuterin, by metabolism of glycerol under anaerobic conditions (36) . Based on the observation that this strain is able to survive in the human duodenum and ileum (41) , it is an appropriate organism to use in the investigation of bile resistance mechanisms.
This research investigated the gene expression response of L. reuteri ATCC 55730 to bile exposure and has begun to uncover the mechanisms this strain uses to survive and grow in the presence of bile. Microarray experiments were conducted to determine the gene expression profiles of cells upon initial bile exposure (bile shock) and cells that had resumed growth in the presence of bile (bile adaptation). Based on the microarray results, nine genes were chosen for mutational analysis. These results indicate some of the mechanisms important in the bile shock and adaptation responses of L. reuteri ATCC 55730 in vitro and may provide a further understanding of characteristics important for survival in the GI tract.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . All liquid cultures of lactobacilli were grown under microaerobic conditions (2% O 2 , 5% CO 2 , balanced with N 2 ) in MRS broth (BD Difco) at 37°C, unless otherwise specified. All plate cultures of lactobacilli were grown under anaerobic conditions using the GasPack EZ anaerobe container system (BD Difco) at 37°C, unless otherwise specified. Lactobacillus reuteri strains containing pVE6007 were grown at 35°C. All Escherichia coli cells were grown under aerobic conditions at 37°C in LB broth (BD Difco). When specified, drugs were added to the following concentrations: 10 g/ml (L. reuteri) or 400 g/ml (E. coli) erythromycin, 10 g/ml chloramphenicol, and 40 g/ml kanamycin. L. reuteri mutants (containing the pORI28 disruption) were always grown in the presence of 10 g/ml erythromycin. Dehydrated bovine bile/oxgall (Sigma) was resuspended in MRS broth to make a 50% weight/ volume solution. This mixture was sterilized by autoclaving and stored at 37°C for up to 4 weeks.
RNA isolation. For each of five biological replicate experiments, a culture of L. reuteri ATCC 55730 was grown in MRS broth to an optical density at 600 nm (OD 600 ) approximately equal to 0.5. Upon reaching this stage in growth, 0.5% oxgall was added to the culture. At the correct time points, 5-ml samples were collected from the culture and immediately mixed with an equal part of ice-cold methanol. Cell pellets were collected by centrifugation, washed with STE buffer (6.7% sucrose, 50 mM Tris-Cl [pH 8.0], 1 mM EDTA), and resuspended in STE buffer containing 0.25 U/l mutanolysin (Sigma). Cell pellets were then incubated at 37°C for 20 min. RNA was then isolated using the Qiagen RNeasy kit according to the manufacturer's instructions.
Microarray experiments. Long oligonucleotides (60-mers) were designed and synthesized for 1,864 open reading frames from a draft genome sequence of L. reuteri ATCC 55730 (1) and 15 open reading frames encoding known extracellular proteins from L. reuteri DSM 20016 (43) using OligoArray 1.0 software. Six control 60-mer oligonucleotides were also included. These controls are identical to DNA sequences from E. coli genes (yacF, ybaS, yciC, yfiF, ygjU, and yjcG) and have no sequence similarity to the L. reuteri genome. Once synthesized, the oligonucleotide concentrations were normalized to a concentration of 25 M and spotted onto Corning UltraGAPS-II slides using an OmniGrid robot (GeneMachines). Each gene was represented once on the microarray. All six of the control spots were represented eight times on the array, once in each subgrid. Oligonucleotide design, synthesis, and array construction were performed at the Research Technology Support Facility at Michigan State University, East Lansing, MI. RNA isolation, labeling, and hybridization were carried out essentially as previously described (39, 42) . Information regarding the microarray platform can be found at the NCBI Gene Expression Omnibus (GEO; http://www.ncbi .nlm.nih.gov/geo/) under GEO platform no. GPL6366. Five biological replicates were performed for each of the two sets of microarray experiments. In addition, technical replication was achieved by switching the dyes used for labeling each biological replicate. Therefore, each RNA sample was subjected to two hybridizations and values used for subsequent data analysis were averages of the dye swap values. The first set of experiments, referred to as the bile shock experiments, compared the gene expression profiles of cells before exposure to 0.5% bile to those that had been exposed for 15 min. The second set of experiments, referred to as the bile adaptation experiments, compared the gene expression profiles of cells before exposure to 0.5% bile to those that had begun growing again after exposure (Fig. 1 ). Microarray data were analyzed using iterative outlier analysis with three iterations as previously described (4, 39) . Briefly, iterative outlier analysis calculates the geometric mean and standard deviation of the entire data set. Differentially expressed genes (outliers) were selected as being more than 2.5 standard deviations away from the mean of the population. To identify additional differentially expressed genes in the data set, the outliers were removed, the geometric mean and standard deviations were recalculated, and any genes that were more than 2.5 standard deviations from the mean were identified as differentially expressed.
Mutant construction. Mutants were created using the system developed by Russell and Klaenhammer (29) and modified for use in L. reuteri by Walter et al. (44) . Briefly, 200 to 300 bp from the gene of interest was PCR amplified from L. reuteri ATCC 55730 and cloned into pORI28. The plasmid with the insertion was then transformed into E. coli EC1000, a carrier strain that contains the RepA protein needed for pORI28 to replicate; the transformed cells were grown in the presence of erythromycin and kanamycin (EC1000). pORI28 with the insertion was then extracted and transformed into L. reuteri ATCC 55730 cells containing pVE6007. pVE6007 is a helper plasmid that provides RepA (also allowing pORI28 to replicate). L. reuteri cells containing both plasmids were grown aerobically without shaking at the permissive temperature of 35°C in the presence of chloramphenicol and erythromycin for 18 h. This culture was then diluted 1:200 and grown aerobically in the presence of erythromycin without shaking at 45°C for 8 to 24 h. The 45°C culture was then plated onto plates containing MRS plus erythromycin and incubated at 45°C for 24 h. Isolated colonies were then obtained by streaking onto fresh MRS-erythromycin plates and incubated at 45°C for another 24 h to ensure loss of pVE6007. Individual colonies were then screened for the loss of pVE6007 by selecting for erythromycin resistance and chloramphenicol sensitivity at 37°C. Colonies that had lost pVE6007 were then screened for the correct insertion by PCR amplification of both flanking regions (one primer annealing to the chromosome outside of the region cloned into pORI28 and one primer annealing to pORI28) and confirmation of the absence of the correctly sized wild-type gene (also through PCR). PCR primers are available by request.
Bile stress assays. To determine levels of bile resistance for the mutants, the percentages of survival of wild-type and mutant cultures were determined after 30 min of exposure to 0.3% bile. In short, cultures were grown under microaerobic conditions in MRS at 37°C to an OD 600 of 0.5. Samples were taken, and colony counts were determined by dilution plating. Oxgall (0.3%) was then added to each culture, and after 30 min, colony counts were again determined. The before-bile and after-bile colony counts were used to determine the percentage of survival for each strain. All growth curves and viability plating were performed three times for each strain, with the exception of the wild-type experiments, which were repeated eight times.
RESULTS
Lactobacillus reuteri ATCC 55730 is able to grow in physiologically relevant concentrations of bile. One important characteristic for probiotic bacterial strains is the ability to remain viable during passage through the GI tract, including the ability to overcome exposure to bile stress in the small intestine. Growth experiments were conducted to determine the response of L. reuteri ATCC 55730 to physiological concentrations of bovine bile. In general, when 0.05 to 0.1% bile was added to an early or mid-log culture (OD 600 of 0.2 or 0.5), the culture continued growing, although at a slightly reduced rate. The doubling time of the culture would slow from 38 min before the addition of bile to 50 min after the addition of bile. When concentrations of bile ranging from 0.3% to 5% were added, we observed a period of growth arrest followed by a resumption of growth. However the doubling time in the presence of these higher bile concentrations was three to four times slower than prior to treatment with bile.
The growth phase of L. reuteri cells also influenced the ability of bile to affect cell growth and viability. Early-log-phase cells (OD 600 of 0.2) were the most resistant to the effects of bile treatment. Addition of bile at later stages of log-phase growth and early stationary phase indicated that cells become more susceptible to bile as the culture density increases (as measured by a decrease in the OD and cell viability of the culture after the addition of bile). Active growth appears to be required for this effect as late-stationary-phase cultures were completely resistant to bile stress, even at concentrations of 5%.
Microarray analysis of genes involved in bile shock and adaptation. We used DNA microarrays to characterize both the bile shock response and bile adaptation response of L. reuteri. When cells encounter stress, they often respond by altering their gene expression program to effectively counteract stress-induced damage. Because L. reuteri exhibits a biphasic response to bile exposure, we measured the global RNA profiles of cells that were paused for growth (which we denote as bile shock) and cells that had resumed growth in the presence of bile (bile adaptation).
(i) Bile shock. In order to determine the genes involved in the bile shock response, microarray experiments were carried out to compare the gene expression profiles of mid-log cells that had not been exposed to bile to those of cells that had been exposed to 0.5% bile for 15 min. Eighty-eight genes were found to have significant expression changes, with 45 genes overexpressed and 43 genes underexpressed after 15 min of bile exposure. The majority of underexpressed genes are classified as being involved in substrate transport and metabolism, which is expected due to the lack of growth observed upon exposure to bile ( Table 2 ). The overexpressed genes are found in a wide variety of classes, and several have known roles in adaptation to other types of stresses (see below and Discussion).
(ii) Bile adaptation. The expression profiles of mid-log cells that had not been exposed to bile were also compared to the profiles of cells that had resumed growth in the presence of 0.5% bile. After analysis of this set of array experiments, 84 genes were found to have significant expression changes, with 17 being overexpressed during the adaptation stage and 67 being underexpressed. Again, the majority of underexpressed genes during growth in bile are classified as being involved in substrate transport and metabolism; in addition, genes involved in energy production, translation, and ribosome structure and biogenesis and genes of unknown function are also underexpressed. Most of these changes are likely due to the dramatic reduction in growth rate of L. reuteri cells grown in the presence of bile. There were 17 genes that were significantly overexpressed during growth in bile; over half of these genes are annotated as having unknown functions ( Table 3 ). The expression patterns of a subset of genes that were differentially expressed were found to overlap between the two sets of microarray experiments, with 8 genes being overexpressed and 12 genes being underexpressed during both bile shock and adaptation. A full description of the differentially expressed genes discovered in all of the microarray experiments can be found in Tables S1 to S4 in the supplemental material. A complete data set of microarray data can be found at NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih .gov/geo/) under GEO series accession no. GSE10155.
Mutations in three genes, lr0085, lr1516, and lr1864, decrease the ability of cells to survive bile shock. Bile salts have been proposed to have a wide range of cellular effects, including cell wall or membrane damage, DNA damage, protein denaturation, oxidative stress, and low intracellular pH (3). Several genes were chosen for mutation based on their proposed functions in adapting to a variety of stresses. Disruptions were created using the pVE6007/pORI28 system in nine genes that were found to be significantly overexpressed during the bile exposure of L. reuteri ATCC 55730 (Table 4) . Two Clp chaperones (lr0004 [clpE]) and lr1864 [clpL]) were disrupted; Clp chaperones have been implicated in the heat shock response of Bacillus subtilis, as well as other gram-positive organisms (8, 11) . The dps gene (lr1706) and a putative esterase (lr1516) were also disrupted to investigate the proposed oxidative stress and cell wall damage effects of bile. The putative esterase (lr1516) belongs to a cluster of orthologous genes (COG) that includes ␤-lactamase class C and other various penicillin-binding proteins (20) . Three other genes of unknown function were also chosen for disruption: lr1291, a putative metalloproteinase; lr1351, a conserved membrane protein; and lr0085, a gene of unknown function that appears to be specific to the species L. reuteri. Finally, two multidrug resistance transporters were disrupted (lr1265 and lr1584). E. coli has the ability to actively pump bile salts out of the cell, and efflux pumps, similar to drug resistance transporters, have been found to have a major role in this activity (37) . Each of the nine mutants was subjected to treatment with various concentrations of bile to determine which mutants are defective in surviving bile shock. Based on these preliminary experiments, the survival of six of these mutant strains was quantitated and compared to the viability of wild-type cells after 30 min of 0.3% bile exposure; the other three mutants (lr0004, lr1291, and lr1351) showed no defect in bile shock and were not further tested. Using a Student's t test, it was determined that the survival rate after 30 min of bile exposure for three of the mutants (lr1864, lr1516, and lr0085) was significantly different from that of the wild type (P Ͻ 0.001). Strains with mutations in dps and the two multidrug resistance transporters (lr1706, lr1584, and lr1265) did not have a survival rate significantly different from wild-type cells (Table 5 and Fig. 2) .
Mutations in a putative operon encoding a multidrug resistance protein and a hypothetical protein decrease the ability of L. reuteri to adapt in the presence of bile. When testing the mutant strains for survival in the presence of bile, it was observed that the lr1584 mutant did not adapt to grow in the presence of bile, even after extended incubations (24 h). The final culture density obtained for the lr1584 mutant was found to be threefold lower than that of the wild-type strain. Additional experiments revealed that most of the other mutants were not affected in their ability to adapt and grow in the presence of bile. The exceptions were the lr1265 mutant, which also obtains a lower culture density than the wild type, and the lr1516 mutant, which obtains a slightly higher culture density ( Table 5 ). The decreased ability of the lr1584 and lr1265 mutant strains to adapt to the presence of bile suggests that multidrug resistance efflux pumps play a role in these strains' bile response. Efflux pumps have already been shown to play important roles in the bile response of other bacteria (18, 34, 37) .
The lr1584 gene is found in a putative operon with a gene encoding a conserved hypothetical protein, lr1582. lr1582 is also found to be significantly overexpressed in the presence of bile; therefore, we were concerned about the possible polar effects the disruption in lr1584 would have on the downstream gene, lr1582. To distinguish between the effects of the lr1584 mutation and the possible polar effects on lr1582, a separate mutant strain containing a disruption in lr1582 was created and b Data are presented as mean OD 600 Ϯ standard deviation after growth had ceased.
c ‫,ء‬ P Ͻ 0.001 compared with wild type.
FIG. 2.
Comparison of survival rates after 30 min of exposure to 0.3% oxgall for the L. reuteri ATCC 55730 wild type and lr1864 (ClpL), lr1516 (putative esterase), lr0085 (unknown), lr1706 (Dps), lr1265 (multidrug resistance protein in the ABC transporter family), and lr1584 (multidrug resistance protein in the major facilitator superfamily) mutant strains. Cultures were plated onto MRS plates after bile exposure to determine the number of viable cells. Error bars represent standard deviation. ‫,ء‬ P Ͻ 0.001 compared with wild type. tested for its ability to adapt in the presence of bile. This strain also showed an adaptation defect; the final culture density of the lr1582 mutant was twofold lower than that of wild-type cells. This demonstrates that the adaptation defect seen in the lr1584 mutant cannot be fully explained by polar effects on the downstream gene, lr1582, and suggests that both genes in this operon play a role in L. reuteri's adaptation to bile.
DISCUSSION
The ability of a bacterium to resist bile stress is one of the criteria often used in the selection of a potential probiotic. Bile is a complex mixture of bile acids, phospholipids, proteins, ions, and pigments that has potent antimicrobial properties, particularly against gram-positive bacteria. In this study, we have identified several genes that participate in the ability of Lactobacillus reuteri ATCC 55730 to tolerate bile shock and to resume growth in the presence of bile (bile adaptation).
Stress responses activated in L. reuteri based on gene expression data. The gene expression data indicate that membrane/cell wall stress, oxidative stress, DNA damage, and protein denaturation occur when L. reuteri is exposed to bile. Several of these pathways have been previously shown to be involved in dealing with various forms of stress in other bacteria. First, the Clp chaperones ClpE and ClpL are induced 15 min after bile addition, as is their known transcriptional regulator in other gram-positive organisms, CtsR. CtsR is a repressor of multiple Clp chaperones in Listeria monocytogenes and Bacillus subtilis and also represses its own expression. Previous work has shown that the induction of the CtsR stress regulon is transient with an initial peak of expression under heat or salt stress that then is reduced after a period of time (32) . Consistent with this mode of regulation in other bacteria is the fact that we observed that ctsR and the clp chaperones are overexpressed only during bile shock and not during bile adaptation. clpL was specifically required for L. reuteri to resist bile shock, while the clpE mutant did not survive at rates significantly different from those of wild-type cells. Repeated attempts to construct a mutation in the ctsR gene were unsuccessful. Second, we also observed increased expression of dps, a protein involved in several types of stress adaptation in Escherichia coli, including oxidative stress, irradiation, metal toxicity, heat stress, and pH stress (22, 24) . However, disruption of dps in L. reuteri did not significantly affect the organism's ability to survive bile shock or adapt to the presence of bile. Finally, two additional stress response genes and one additional pathway were also induced. A homolog of the gene gls24 (lr2108) was induced; Gls24 was previously identified as a bile-induced protein in Enterococcus faecalis. Subsequent genetic analysis indicated it was required for the ability of E. faecalis to survive bile exposure; however, no molecular function for Gls24 is known (12) . The gene lr1346 encodes a homolog of the phage shock transcriptional regulator PspC, which is proposed to be involved in sensing membrane stress during phage infection. Given that bile likely induces membrane stress, it is possible that lr1346 plays a role in bile stress survival. Unfortunately, we were unable to disrupt lr1346 due to limitations of our gene knockout technology. Lastly, genes of the arginine deiminase pathway were specifically induced during bile adaptation. This pathway has been implicated in the ability to resist mild pH shock in bacteria (21) .
The identification of lr1516, a putative esterase of the serine ␤-lactamase-like superfamily, as a key enzyme in responding to bile stress suggests these cells are experiencing cell envelope damage upon exposure to bile. lr1516 contains the signature SxxK active site motif associated with these enzymes, which also include the D-alanyl-D-alanine carboxypeptidases. These enzymes are involved in the breakdown and reorganization of peptidoglycan, and thus we expect that lr1516 may play a similar role when adapting to bile and acid stress (42) .
Bile adaptation. Because L. reuteri has been shown to colonize, at least temporarily, the small intestine, we were interested in determining if L. reuteri can thrive in the presence of bile. Our results demonstrate that L. reuteri can sustain growth in the presence of bile concentrations as high as 5%. Interestingly, the data suggest a multidrug resistance transporter (lr1584) is required for this ability to grow in the presence of bile, suggesting that removal of bile or another toxic metabolite from the cytoplasm is required for growth. lr1584 is a member of the EmrB/QacA subfamily of the major facilitator superfamily of multidrug resistance transporters. EmrB has previously been shown to play a role in bile resistance and efflux of bile in Escherichia coli (37) .
Interestingly, lr1584 is found in an operon upstream of a conserved hypothetical protein, lr1582; this operon is conserved in many lactic acid bacteria and is overexpressed during exposure of L. reuteri, L. acidophilus, and E. faecalis to bile (25, 35) . Due to the limited genetic tools available for use in L. reuteri, we were not completely able to distinguish between the effects of disruption of lr1584 and possible polar effects this disruption may have on the downstream lr1582. A separate mutant strain with a disruption in lr1582 was created and tested for bile adaptation. The lr1582 mutation does result in an adaptation defect, although it is not as severe as the defect found in the lr1584 mutant strain. The final culture density of the lr1584 mutant is approximately threefold lower than that of the wild-type cells, while the final culture density of the lr1582 mutant is approximately twofold lower than that of wild-type cells. This suggests that both genes may contribute to the adaptation defect that we have observed. Further investigation is required to elucidate the specific role of each gene in bile adaptation.
Genes that provide protection in bile stress also protect against acid stress. We identified three genes in L. reuteri that were induced by bile stress and that significantly reduced their ability to survive bile shock when disrupted. Two of these proteins have recently been shown to be induced by a strong reduction in pH and are necessary for increased survival at low pH (42) . Both lr1864 (clpL) and lr1516 (putative esterase) play a role in surviving the initial shock of acid and bile stress.
Indeed, nearly one-third of the genes Wall et al. found to be differentially regulated under acid stress conditions were also altered under bile stress conditions (Table 6 ) (42) . This indicates that once cells experience acid stress in the stomach, many of the important pathways for dealing with bile stress in the small intestine will already be activated.
Comparison of multiple genomic studies of bile stress in lactic acid bacteria. Multiple genomic studies have now been completed that identified genes important for bile tolerance in (5, 6, 25, 35) . Although different culture conditions, types of bile, and species were used for these studies, which resulted in a limited overlap in the genes identified in these studies, there are some common themes that have emerged. In both Lactobacillus plantarum and Lactobacillus acidophilus, several genes involved in the reorganization of the cell envelope were induced. Thus, dealing with membrane stress is a common theme that has emerged from these three studies. In addition, the operon containing lr1584 (multidrug resistance transporter) and lr1582 (unknown function) is also conserved as an operon in L. acidophilus and Enterococcus faecalis. Interestingly, both homologs in E. faecalis and L. acidophilus are also overexpressed when cells are exposed to bile, indicating the function of this operon in bile adaptation may be conserved in other lactic acid bacteria (25, 35) . Lastly, clp proteases were identified in L. acidophilus as being upregulated by bile stress, as we found with clpL in our study, further supporting that protein denaturation is one stress being encountered by bile-treated cells. One common finding that is not easily explained is the reduction in gene expression of recF, which encodes a protein that participates in the repair of DNA damage during active DNA replication. Since bile has been implicated in generating DNA damage, on the surface it seems that a reduction in the expression of RecF would not be productive. However, recent evidence indicates that RecF is predominantly utilized in DNA repair at replication forks during active growth. The reduction in recF expression may simply indicate a reduction in growth rate in the presence of bile.
Although there were significant similarities in the transcriptional profiles between the E. faecalis, L. acidophilus, L. plantarum, and L. reuteri responses to bile treatment, overall there was much more discordance in the data than similarities. The lack of concordance may be due to the different physiological strategies utilized by these organisms to adapt to bile stress. In addition, the differences in experimental strategy (the type of bile used, the way bile was administered, and for how long) likely also played a significant role in the differences that were noted. Bron et al. exposed L. plantarum to 0.1% porcine bile on plates and looked at the response to 3 days of exposure, while Pfeiler et al. conducted their L. acidophilus experiments in liquid media containing 0.5% oxgall with 30 min of exposure (6, 25) . The use of purified bile acids or different sources of bile will also have different effects on cell physiology (3) .
Bile has been implicated as a potential signaling molecule that would indicate to a bacterium that it had entered the small intestine. Such a signal could serve to stimulate the organism to adapt its physiology to optimize growth and survival in the GI tract. Several candidates from these experiments have now been identified in vitro. Future work in relevant animal models will determine if the strategies uncovered here are important for survival in vivo. 
